Purpose: Cardiovascular surgery-associated acute kidney injury (AKI-CS) contributes to mortality and morbidity. However, risk factors accelerating its development are unclear. We identified risk factors for AKI-CS in patients with cardiopulmonary bypass in the hospital surgical intensive care unit to predict and minimize renal complication in future cardiac surgery. Methods: We analyzed data from 14 case-control studies published prior to June 2014 and indexed in Science Citation Index, PubMed, and other databases to determine the major risk factors for AKI-CS. Results: Analyzed risk factors were divided into three groups: preoperative, intraoperative and postoperative. Preoperative factors included: age (OR, 4.87; 95% CI, 3.50-6.24), NYHA class III/IV (OR, 2.53; 95% CI, 1.32-4.86), hypertension (OR, 1.68; 95% CI, 1.44-1.97), preoperative creatinine (OR, 0.66; 95% CI, 0.18-1.14), peripheral vascular disease (OR, 1.31 95% CI, 1.09-1.57), respiratory system disease (OR, 1.29; 95% CI, 1.10-1.50), diabetes mellitus (OR, 1.52; 95% CI, 1.07-2.16), and cerebrovascular disease (OR, 2.13; 95% CI, 1.11-4.09). Intraoperative factors were: cardiopulmonary bypass time (OR, 33.78; 95% CI, 
patients. We selected the most recent study with the largest number of participants for multiple studies with the overlapping data published.
Data Extraction
The following data were screened from each study: first author's surname, year, country, participant characteristics, source (hospital or community), study design (case-controlled), ORs, 95% CIs, and adjusted covariates, among other information. If data could be acquired from the literature search results, they were extracted into 2 × 2 tables by two independent reviewers (Q.Y. and K.L.), based on the inclusion criteria described above. Continuous data from AKI and control groups are reported as means ± standard deviations, and dichotomous data are reported as number of cases. If information was incomplete or unclear, reviewers would contact the original authors for verification. Disagreements were resolved through discussion between the two reviewers ( table 1 ).
Quality Evaluation
We evaluated the studies to determine their quality based on the Newcastle-Ottawa quality assessment scale [30] . A 'star system' was used to judge data quality based on selection, comparability, and exposures and to calculate scores. Scores with 0-9 stars were summed to compare study quality. Two reviewers (Q.Y. and K.L.) independently cross-checked the study quality and assessed study bias. An open discussion was held to confirm scores of studies that caused disagreements between the reviewers.
Statistical Methods
All statistical tests were performed using the Cochrane Collaboration's Revman 5.1. Extensive effort was made to eliminate duplicate data and to include all studies published to date. Measurement data regarding average standard deviations and publication bias in outcomes were estimated and managed using standard methodology. We classified epidemiological studies of the relationships between AKI and risk factors as casecontrol studies. The association between AKI and risk factors was evaluated by comparing the ORs and the corresponding 95% CIs between exposed and nonexposed groups. The RIFLE classification criteria for serum creatinine. RIFLE criteria were used to evaluate the ability of renal function, which was divided into five stages: risk, injury, failure, loss, and end stage. Each phase is defined in the figure. GFR = Glomerular filtration rate; ARF = acute renal failure; ESRD = end-stage renal disease.
Results

Study Descriptions
The search process is shown in figure 2 . First, 3,972 potentially relevant papers published up to June 2014 were systematically ascertained through the previously mentioned data- Risk factors: 1 = any type of cardiac surgery; 2 = diabetes mellitus; 3 = hypertension; 4 = acute myocardial infarction; 5 = low cardiac output; 6 = age; 7 = NYHA class III/IV; 8 = respiratory system disease; 9 = peripheral vascular disease; 10 = CPB time; 11 = use of IABP; 12 = aortic clamping time; 13 = postoperative infection; 14 = congestive heart failure; 15 = redo operation; 16 = emergency operation; 17 = BMI; 18 = preoperative creatinine; 19 = cerebrovascular disease; 20 = mortality; 21 = EF.
bases. Next, 3,294 studies were excluded because they either failed to meet the inclusion criteria or did not provide adequate information for our study, as evidenced either by title or abstract. Among the remaining 678 articles, 331 articles were excluded because they were duplicate reports. We received full-text reviews of the remaining 347 articles; 333 articles were excluded because they were not complete full texts or they were reviews, case reports, miscellaneous reports, or the data were inadequate. Finally, 14 case-controlled studies [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] were used for our meta-analysis. Detailed characteristics of the 14 studies are listed in table 1 . A total of 2,157 cases and 49,777 controls were included. Results ranged from a star rating of 6-9 (mean = 7), with a higher value indicating better methodology ( table 2 ).
Subgroup Analyses Analysis of Preoperative Indices
The following data are represented in figure 3 a, b: four studies [16, 20, 23, 24] suggested no association between BMI and AKI, and three studies [16, 23, 24] revealed no association between ejection fraction (EF) and AKI. Six studies confirmed no association between acute myocardial infarction and AKI, and eleven studies [14] [15] [16] [17] [18] [19] [20] [23] [24] [25] [26] suggested that age was a significant risk factor. In general, the older the patient, the greater the incidence of AKI. The results for preoperative heart function [13, 15, 16, 20, 22, 23] and serum creatinine level [17, 19, 20, 23] was also a significant risk factor for AKI. Overall, besides the reason of surgery, basic diseases and complications such as hypertension [15, 17, 20, [23] [24] [25] , peripheral vascular disease [15, 16, 19, 20, 24, 25] , respiratory system disease [15, 16, 18, 19, [24] [25] [26] , and cerebrovascular disease [16, 19, 20, 23, 25, 26] were also related to AKI. More severe lesions were associated with a greater incidence of AKI. 
Analysis of Intraoperative Indices
The following data are depicted in figure 3 c: eight studies [13-15, 18-20, 23, 25] compared coronary artery bypass grafting and valve operations, and suggested no association between cardiac surgery types and AKI. The CPB times [14] [15] [16] [17] [18] [19] [20] [21] [22] [24] [25] [26] for subjects with AKI and controls in all studies were reported in minutes. Nine studies [13, 15, 17-20, 23, 25, 26] confirmed that the use of an intra-aortic balloon pump (IABP) was a risk factor, and a greater duration of IABP use correlated with a higher rate of AKI-CS. Five studies [14, 17, 21, 22, 24] revealed that aortic clamping time was a significant risk factor for AKI, with longer aortic clamping times associated with a higher incidence of AKI-CS.
Analysis of Postoperative Indices
These data are given in figure 3 d. Five studies [13, 16, [18] [19] [20] suggested no association between congestive heart failure and AKI. Six studies [13, 16, 17, [24] [25] [26] confirmed that severe postoperative infection correlated with a greater likelihood of AKI. To summarize the reported data, emergency operations [13, [15] [16] [17] [18] [19] [20] and redo operations [15, 17-20, 22, 25, 26] were also independent risk factors for AKI-CS. Meanwhile, the risk of mortality [13, 15, 17, 20, 24, 26] was statistically higher in the AKI-CS groups.
Publication Bias and Sensitivity Analysis of the Studies
We depict the data related to publication bias and sensitivity ( table 3 ) using reported CPB time funnel plots ( fig. 4 ). The shape of the funnel plots was nearly symmetrical on both sides of the perpendicular line (real value), indicating no obvious publication bias for these studies. To investigate data reliability, fixed-effects and random-effects models were applied to measure sensitivity. The differences in the standardized means and the 95% CIs between the two methods were small. Therefore, both sensitivity testing and the publication bias analysis indicated that the results of our meta-analysis were reliable. For case-control studies: 1 = cases were independently validated; 2 = cases are consecutive or representative of a population; 3 = community controls; 4 = controls had no history of renal insufficiency; 5a = study controlled for age and CPB time; 5b = study controlled for any additional factor(s); 6 = ascertainment of exposure by secure record or structured interview where the interviewer was blinded to case/control status; 7 = same method of ascertainment for cases and controls; 8 = same nonresponse rate for cases and controls. 
Discussion
AKI-CS is a serious complication of CPB-induced pathophysiologic changes, and is significantly associated with higher mortality, length of stay in the intensive care unit, and health care costs [4, 33, 34] . According to a recent report, nearly half of the estimated 7,406 patients who died after cardiac surgery had a diagnosis of AKI [35] . Many factors contribute to AKI after cardiac surgery, but the pathological process is complex and may include (a) renal hypoperfusion ischemic injury due to CPB duration and hemodynamic changes; (b) inflammation caused by the CPB pump, as well as the formation of free radicals, complement activation, and cytotoxicity aggravate renal injury; (c) thrombosis, platelet aggregation, and dislodged aortic athermanous plaques, leading to renal ischemia, and (d) the use of nephrotoxic drugs during surgery. Ischemia-reperfusion injury may be associated with pathologic features of acute tubular necrosis. Thus, even if the postoperative serum creatinine level was only elevated by 20%, the patient's renal recovery may be compromised, perhaps leading to the need for renal dialysis [35] .
Preoperative Disease Enhanced AKI-CS Susceptibility
Most patients undergoing CPB have risk factors that predispose to renal failure [36] , such as advanced age, respiratory system disease, serum creatinine levels, and NYHA class III/IV disease. Our meta-analysis indicated that BMI, EF, and acute myocardial infarction are not immediately related to AKI development. However, respiratory system disease, such as chronic obstructive pulmonary disease (COPD), was confirmed to be an independent predictor of AKI-CS [11, 12] . Small airway obstruction is the basic link in the pathogenesis of COPD, while patients with COPD are more prone to episodes of severe hypoxemia-hypercapnia during the perioperative period, which may worsen respiratory dysfunction and lead to pulmonary infection, and decreased cardiac and renal function [37] . AKI requiring dialysis was associated with conditions that cause occult renal ischemia, such as reduced EF, peripheral vascular disease, and other conditions [5] . Stallwood et al. [38] reported that peripheral vascular disease is a risk factor for AKI. Advanced age correlates with a reduction in the glomerular filtration rate, which often begins after the fourth decade of life [17] . Elderly patients with physiological renal dysfunction and decreased renal reserve and compensatory ability associated with various chronic diseases may have less tolerance to surgery and CPB operations and may be more prone to MODS.
CPB and Aortic Clamping Time Is Critical for AKI-CS
AKI-CS is associated with a significant increase in postoperative mortality, especially if patients require renal replacement therapy [39] . Additionally, CPB obstructs oxygen transport, and within minutes inflammatory mediators are released [5] via endothelial cell and leukocyte activation, which can contribute to MODS (primarily cardiac or renal insufficiency) due to postoperative AKI. Meanwhile, mean arterial pressure often remains at a lower autoregulatory limit or descends below it, especially during periods of hemodynamic instability [40] . In such patients with preexisting kidney function impairment, even a mean arterial pressure within the normal range could be implicated in AKI-CS [41] . Prolonged aortic clamping time increases the risk of low cardiac output, and the exact 'safe' period of time for clamping remains undefined. Reports suggest that risk increases 10-to 15-fold after 60 min of CPB [42, 43] . Our results support this finding ( fig. 3 c) . Thus, it appears that shorter CPB and aortic cross-clamping times and lower circulation perfusion pressure could reduce perioperative inflammatory response measures. Long-term use of IABP causes thrombus formation, which can precipitate renal ischemia, even though it is considered to be a device that augments perfusion pressure and thus considerably improves perfusion.
Effective Postoperative Management Can Prevent AKI-CS
Postoperative factors associated with kidney damage after cardiac surgery include infection, redo operations, emergency surgery, congestive heart failure, and low cardiac output. Explanatory mechanisms may include exacerbation of hemodynamic instability and surgical trauma [3] . Surgical reexploration was also associated with red blood cell transfusion and anemia. Congestive heart failure is also generally considered a risk factor, but there was insufficient evidence from our meta-analysis to confirm this. Identifying patients at high risk is a logical first step in preventing it. Subsequently, targeting adjusted risk factors should be a therapeutic aim for minimizing the incidence of AKI-CS.
Study Limitations
This study still has some limitations. First, meta-analyses are inherently weaker when heterogeneous data sets are combined, especially with respect to individual factors; therefore, the possibility exists that the strength of association may be weaker with a multifactorial regression analysis [44] . Another limitation lies in the fact that some potential factors reported in studies could not be evaluated because of a lack of sufficient clinical data, such as atrial fibrillation, preoperative hemoglobin, and low systolic pressure, and this may account for a source of heterogeneity.
In conclusion, this meta-analysis strongly supports that AKI-CS is associated with advanced age, hypertension, preoperative creatinine level, peripheral vascular disease, respiratory system disease, diabetes mellitus, cerebrovascular disease, low cardiac output, NYHA class III/ IV, CPB time, aortic clamping time, use of IABP, infection, emergency surgery, and reoperation. Observations from several studies indicate that there are still many unresolved issues concerning AKI-CS. Future research is warranted to standardize AKI risk factors and improve outcome prediction for this important clinical complication after major cardiac surgery.
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